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Abstract
We study a three loop induced radiative neutrino model with global U(1) symmetry at TeV scale,
in which we consider two component dark matter particles. We discuss the possibility to explain
the X-ray line signal at about 3.55 keV recently reported by XMN-Newton X-ray observatory
using data of various galaxy clusters and Andromeda galaxy. Subsequently, we also discuss to
show that sizable muon anomalous magnetic moment, a discrepancy of the effective number of
neutrino species ∆Neff ≈ 0.39, and scattering cross section detected by direct detection searches
can be derived.
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I. INTRODUCTION
Neutrinos and dark matter (DM) physics apparently comes into a new physics beyond
the standard model (SM). One of the elegant scenarios simultaneously to explain them is
to generate the neutrino masses at multi-loop level [1–47], [48–53], [54], in which DM could
be a messenger particle to tie the neutrinos to the Higgs boson. Thus we can naturally
interpret the reason why the neutrino masses are so tiny.
In view of DM, two groups recently reported anomalous X-ray line signal at 3.55 keV
from the analysis of XMN-Newton X-ray observatory data of various galaxy clusters and
Andromeda galaxy [55, 56]. Once one applies the decaying DM scenario, such a X-ray line
can be clearly explained by a 7.1 keV DM mass with small mixing angle; sin2 2β ≈ 10−10,
between DM and the neutrinos. Since the fact provides a lot of implications on the nature
of DM, many works have been studied [57–87]. In our letter, we propose a model that such a
small mixing can be generated at one-loop level, in which the neutrino masses are generated
at three-loop level. To realize it, we introduce a global continuous U(1) symmetry. As a
subsequent result of the additional symmetry, we can also explain the discrepancy of the
effective number of neutrino species ∆Neff ≈ 0.39, which was suggested by Ref. [88]. As
the other aspects, sizable muon anomalous magnetic moment and scattering cross section
detected by direct detection searches can be derived.
This paper is organized as follows. In Sec. II, we show our model building including
Higgs potential, neutrino masses, and muon anomalous magnetic moment. In Sec. III, we
analyze DM properties including relic density, X-ray line, and the direct detection with
multicomponent scenario. We summarize and conclude in Sec. VI.
Model setup
We discuss a three-loop induced radiative neutrino model. The particle contents and their
charges are shown in Tab. I. We add gauge singlet charged fermions EL and ER, three gauge
singlet Majorana fermions NR, and a gauge singlet Majorana DM XR. For new bosons,
we introduce SU(2)L doublet scalars η, two singly-charged singlet scalars (χ
+
1 , χ
+
2 ), and a
neutral singlet scalar χ0 to the SM. We assume that only the SM-like Higgs Φ and χ0 have
vacuum expectation values (VEVs), which are symbolized by v and v′ respectively. We also
introduce a global U(1) symmetry, under which Φ and η do not have the charge in order
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not to couple to the goldstone boson (GB) [36]. x 6= 0 is an arbitrary number of the charge
of U(1) symmetry, and their assignments can realize our neutrino model at three loop level.
The Z2 symmetry assures the stability of DM that is the neutral component of η.
The renormalizable Lagrangian for Yukawa sector, mass term, and scalar potential under
these assignments are given by
LY = yℓL¯LΦeR + yηL¯LηER + yχ1E¯LXRχ−1 + yχ2E¯LNRχ−2
+ yNχ0N¯
c
RNR + yXχ0X¯
c
RXR +MEE¯LER + h.c. (I.1)
V = m2Φ|Φ|2 +m2η|η|2 +m2χ1 |χ+1 |2 +m2χ2 |χ+2 |2 +m2χ0 |χ0|2
+
[
λ0Φ
T (iτ2)ηχ
−
1 χ0 + λ
′
0(χ
+
1 χ
−
2 )
2 + h.c.
]
+ λ1|Φ|4 + λ2|η|4 + λ3|Φ|2|η|2 + λ4(Φ†η)(η†Φ)
+
[
λ5(Φ
†η)2 + h.c.
]
+ λ6|Φ|2|χ+1 |2 + λ7|η|2|χ+1 |2
+ λ8|Φ|2|χ+2 |2 + λ9|η|2|χ+2 |2 + λ10|χ+1 |4 + λ11|χ+2 |4
+ λ12|χ+1 |2|χ+2 |2 + λ13|Φ|2|χ0|2 + λ14|η|2|χ0|2
+ λ15|χ+1 |2|χ0|2 + λ16|χ+2 |2|χ0|2 + λ17|χ0|4
+
[
λ18(Φ
†η)(χ+1 χ
−
2 ) + h.c.
]
, (I.2)
where the first term of LY can generates the SM charged-lepton masses, and we assume λ0,
λ′0 , λ5, and λ18 to be real.
The scalar fields can be parameterized as
Φ =

 w+
v+φ+iz√
2

 , η =

 η+
ηR+iηI√
2

 , χ0 = v′ + σ√
2
eiG/v
′
. (I.3)
Lepton Fields Scalar Fields
LL eR EL ER NR XR Φ η χ
+
1 χ
+
2 χ0
SU(2)L 2 1 1 1 1 1 2 2 1 1 1
U(1)Y −1/2 −1 −1 −1 0 0 +1/2 +1/2 +1 +1 0
U(1) −3x/2 −3x/2 −3x/2 −3x/2 −x/2 −x/2 0 0 x x x
Z2 + + − − − + + − − + +
TABLE I: Contents of lepton and scalar fields and their charge assignment under SU(2)L×U(1)Y ×
U(1)× Z2.
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where v ≃ 246 GeV is the VEV of the Higgs doublet, and w± and z are respectively GB
which are absorbed by the longitudinal component ofW and Z bosons. Inserting the tadpole
conditions; ∂V/∂φ|v = 0 and ∂V/∂σ|v′ = 0, The resulting mass matrix of the CP even boson
(φ, σ) is given by
m2(φ, σ) =

 2λ1v2 λ13vv′
λ13vv
′ 2λ17v′2

 (I.4)
=

 cosα sinα
− sinα cosα



m2h 0
0 m2H



 cosα − sinα
sinα cosα

 ,
where h is the SM-like Higgs and H is an additional CP-even Higgs mass eigenstate. The
mixing angle α is given by
sin 2α =
2λ13vv
′
m2h −m2H
. (I.5)
The Higgs bosons φ and σ are rewritten in terms of the mass eigenstates h and H as
φ = h cosα+H sinα, σ = −h sinα+H cosα. GB appears due to the spontaneous symmetry
breaking of the global U(1) symmetry.
The mass matrix M2+ of the singly-charged scalar boson (η
±, χ±1 ) is given by
M2+=

m2η + λ3v2+λ14v′22 λ0vv′2
λ0vv′
2
m2χ1 +
λ6v2+λ15v′2
2

 . (I.6)
The mass eigenstates h±, H± are defined by introducing the mixing angle θ as
 η±
χ±1

 =

 cos θ sin θ
− sin θ cos θ



 h±
H±

 . (I.7)
where the mixing angle θ is given by
sin 2θ =
λ0vv
′
m2h+ −m2H+
. (I.8)
The other mass eigenstates are given as
m2
χ±
2
= m2χ2 +
1
2
(λ8v
2 + λ16v
′2), (I.9)
m2ηR = m
2
η +
1
2
λ14v
′2 +
1
2
(λ3 + λ4 + 2λ5) v
2, (I.10)
m2ηI = m
2
η +
1
2
λ14v
′2 +
1
2
(λ3 + λ4 − 2λ5) v2. (I.11)
Neutrino mass matrix
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FIG. 1: Radiative generation of neutrino masses.
The Majorana neutrino mass matrix mν is derived at three-loop level from the diagrams
depicted in Fig. 1, which is given by
(mν)ij =
λ′0
4(4pi)6
3∑
β,γ=1
[
(yη)i(yχ2)iβMNβ(y
T
χ2
)βγ(yη)
T
j
]
sin2 2θ
[
F1
(
m2h+
M2E
,
m2h+
M2E
)
+ F1
(
m2H+
M2E
,
m2H+
M2E
)
− 2F1
(
m2h+
M2E
,
m2H+
M2E
)]
, (I.12)
where MN ≡ yNv′/
√
2 is assumed to be diagonal, and the loop function F1 is computed as
F1 (X1, X2) =
∫
d3x
δ(x+ y + z − 1)
z(z − 1)
×
∫
d3x′
δ(x′ + y′ + z′ − 1)
z′(z′ − 1)
∫
d3x′′
δ(x′′ + y′′ + z′′ − 1)
x′′ + z′′X1 − y′′∆(X2) , (I.13)
with
∆(X2) =
y′
M2
Nβγ
M2
E
+ z′
m2
χ
+
2
M2
E
− x′∆′(X2)
z′(z′ − 1) ,
∆′(X2) =
x+ z
m2
χ
+
2
M2
E
− yX2
z(z − 1) , (I.14)
where we define d3x ≡ dxdydz, d3x′ ≡ dx′dy′dz′, and d3x′′ ≡ dx′′dy′′dz′′. To obtain the
neutrino masses reported by Planck data [89]; mν < 0.933 eV, the following is required
λ′0y
2
χ2
MN
[
F1
(
m2h+
M2E
,
m2h+
M2E
)
+ F1
(
m2H+
M2E
,
m2H+
M2E
)
− 2F1
(
m2h+
M2E
,
m2H+
M2E
)]
< 1.17 MeV,
(I.15)
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FIG. 2: Diagram of the muon anomalous magnetic moment.
where we fix θ = pi/4 for simplicity, and y2η ≈ 4pi to obtain the sizable muon anomalous
magnetic moment as discussed in the next subsection. The observed mixing matrix, that
is PMNS(Pontecorvo- Maki-Nakagawa-Sakata) matrix (UPMNS) [90], can be realized by in-
troducing the Casas-Ibarra parametrization [91, 92]. In our case, the Dirac type Yukawa
parameters can be written by
(yηyχ2)iβ = U
∗
PMNS


m
1/2
ν1 0 0
0 m
1/2
ν2 0
0 0 m
1/2
ν3

O


M
−1/2
N1
0 0
0 M
−1/2
N2
0
0 0 m
−1/2
M3

R−1/2, (I.16)
R =
λ′0
4(4pi)6
sin2 2θ
[
F1
(
m2h+
M2E
,
m2h+
M2E
)
+ F1
(
m2H+
M2E
,
m2H+
M2E
)
− 2F1
(
m2h+
M2E
,
m2H+
M2E
)]
,
(I.17)
where O is an arbitrary orthogonal matrix with complex values. Then one finds that the
neutrino mass eigenvalues (mν1 , mν2, mν3) are written by
m†νmν = UPMNS


m2ν1 0 0
0 m2ν2 0
0 0 m2ν3

U †PMNS. (I.18)
muon anomalous magnetic moment In principle, we obtain the LFV process from the
terms which are proportional to yη. Especially, µ → eγ process gives the most stringent
bound. However since we can fix yη to be the diagonal matrix
1, we can simply avoid
1 We expect that the mixing of MNS can be obtained by yχ2 , as discussed in the previous subsection.
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such kind of processes. So we move on to the discussion of the muon anomalous magnetic
moment.
The muon anomalous magnetic moment has been measured at Brookhaven National
Laboratory. The current average of the experimental results is given by [93]
aexpµ = 11659208.0(6.3)× 10−10,
which has a discrepancy from the SM prediction by 3.2σ [94] to 4.1σ [95] as
∆aµ = a
exp
µ − aSMµ = (29.0± 9.0 to 33.5± 8.2)× 10−10. (I.19)
We have a contribution on the this process through the term of yη, as can be seen in Fig. 2.
The formula is given as
∆aµ =
1
2(4pi)2
|yη|2
(
mµ
ME
)2 [
F2
(
m2ηR
M2E
)
+ F2
(
m2ηI
M2E
)]
, (I.20)
where
F2(x) =
1− 6x+ 3x2 + 2x3 − 6x2 ln x
6(1− x)4 . (I.21)
We can obtain sizable muon anomalous magnetic moment
∆aµ ≈ 1.5× 10−9, (I.22)
if we set yη ≈ O(
√
4pi) that is limit of the perturbative which is within the 2σ error,theory,
ME ≈ O(300) GeV that comes from the analogy of the slepton search of LHC [96], and
mηR ≈ mηI = 67.83 GeV, which can be obtained from the DM analysis as can be seen in
the next section.
Dark Matter Particles We have two DM candidates XR and ηR, which do not interact
each other at tree level. Hence two component scenario can be taken in consideration. Since
XR can be expected to explain the X-ray line at 3.55 keV, its mass MX ≡ yXv′/
√
2 be 7.1
keV. On the other hand, since ηR is expected to be detected direct detection searches such
as LUX [97], its mass range be mηR ≈ O(10-80) GeV [98], where we restrict ourselves the
mass be less than the mass of the SM gauge bosons to forbid the too large cross section.
Hereafter we simply assume that the number density of DMs is the same rate, that is,
ΩXRh
2 : ΩηRh
2 = 1 : 1. Also we suppose that both are assumed to be the cold DMs, and
7
FIG. 3: Mixing between neutrinos and DM.
the mixing of α sets to be zero to analyze the cross section of the relic density because it is
not so sensitive to the cross section.
XR dark matter
The dominant relativistic cross section of XR, which is 2XR → H → 2G via s-channel, is
given by
(σv)rel ≈ M
6
X
4piv′4
v2rel
(4M2X −m2H)2
. (I.23)
To obtain the correct relic density ΩXRh
2 = 0.12/2 [89], the required cross section be
(σv)rel ≈ 3.06× 10−8 GeV−2. (I.24)
Once we set v′ ≈ 1 GeV, mH be
mH ≈ 1.421× 10−5 GeV ≈ 2MX . (I.25)
The above result implies that a mild fine-tuning is needed 2.
Here we consider the contribution of GB to the effective number of neutrino species
∆Neff ≈0.39 suggested by [88]. It can be realized when the appropriate era of freeze-out of
the Goldstone boson is before muon annihilation while the other SM particles are decoupled.
Thus it corresponds to T ≈ mµ, where T is the temperature of the universe. The scattering
of the Goldstone boson with the SM particles occurs through the Higgs exchange. Then the
interaction rate be the same order as the Hubble parameter at T ≈ mµ . Considering the
above process, one leads to the following relation [34],
sin 2α ≈
√
4(vv′)2(mhmH)4
(m2h −m2H)2m7µmpl
≈ 7.33× 10−14, (I.26)
2 Since the decay rate of the H is very tiny as well as the one of h, we neglect these contributions.
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where mpl ≈ 1.22× 1019 GeV, and mµ ≈ 0.106 GeV.
The mixing between XR and the active neutrinos can be obtained at one-loop level as
depicted in Fig 3, and it is given by
βXR−ν =
MEyχ1yη
2
√
2(4pi)2MX
∫ 1
0
dx ln
[
x+ (1− x)∆h+
x+ (1− x)∆H+
]
≈ 7.1× 10−6, (I.27)
where ∆h+ ≡ m2h+/M2E and ∆H+ ≡ m2H+/M2E . When ∆h+ and ∆H+ are larger than 1 and
yηyχ1 ≈ 0.001, we obtain
λ0 =
m2H+ −m2h+
vv′
≈ 1.91× 10−6
(
ME
GeV
)2
≈ 0.172, (I.28)
combining with Eq. (I.8).
ηR dark matter
The dominant relativistic cross section of ηR, which is ηR → H → 2G via s-channel and
ηR → 2H3 , is given by
(σv)rel ≈ 5λ
2
14
64pim2ηR
. (I.29)
To obtain our relic density ΩηRh
2 = 0.12/2, the required cross section be
(σv)rel ≈ 5.41× 10−9 GeV−2. (I.30)
Once we set λ214 ≈ 0.001, we obtain
mηR ≈ 64.38 GeV. (I.31)
Direct Detection:
ηR can be tested by the spin independent elastic scattering cross section, and it form is
give by
σ ≈ 0.079
pi
× (I.32)[
mp
mηRv
]2 [
(λ3 + λ4 + 2λ5)v
m2h
cosα +
λ14v
′
m2H
sinα
]2
(GeV)2,
3 The t- and u-processes through the term of yη can be negligible because of the d-wave suppression.
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where mp ≈0.938 GeV is the proton mass. The current lowest bound of σ can be found by
the experiment of LUX, which be around O(10−45) cm2 at mηR ≈ 64 GeV. Inserting all the
fixed parameters, we can satisfy this constraint if
λ3 + λ4 + 2λ5 ≤ 0.011. (I.33)
Conclusions:
We have constructed a three-loop induced neutrino model with a global U(1) symmetry,
in which we have naturally explained the X-ray line signal at about 3.55 keV with XR
recently reported by XMN-Newton X-ray observatory using data of various galaxy clusters
and Andromeda galaxy. Subsequently, we have also shown that sizable muon anomalous
magnetic moment within 2σ error, which is around 1.5 × 10−9. The effective number of
neutrino species Neff ≈ 0.39 can be derived at an appropriate parameter set due to the
additional symmetry. Since our model has two DM candidates that does not interact each
other due to the U(1) symmetry, another candidate (ηR) can be tested by the current direct
detection searches such as LUX.
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